We consider τ -lepton mass effects in the cascade decays H → Z(→ ℓ + ℓ − ) + Z * (→ τ + τ − ) and H → W − (→ ℓ −ν ℓ ) + W + * (→ τ + ν τ ). Since the scale of the problem is set by the off-shellness q 2 of the respective gauge bosons in the limits ( for the angular decay distributions of the final-state leptons. We also briefly consider the corresponding off-shell -off-shell decays H
Introduction
We consider lepton-mass effects in the off-shell decays of gauge bosons in the processes Z * → τ + τ − and W + * → τ + ν τ where the off-shell gauge bosons W + * , Z * are produced in the Higgs decays H → ZZ * , W − W + * . In the H → ZZ * case the corresponding ℓ = e, µ modes have recently been observed at the LHC and are therefore adequately dubbed "Higgs discovery channels" [1, 2] . Further evidence on these decays has been presented in Ref. [3] . The quantum numbers of the Higgs boson have been pinned down by an angular analysis of the four leptons in the final state to be J P = 0 + both in the leptonic H → ZZ * mode [3, 4, 5] as well as in the leptonic H → W − W + * mode [6] . On the theoretical side there have been a number of papers analyzing the quantum numbers of the Higgs boson through an angular analysis of the four-lepton final state among which are Refs. [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] . The physics of the Higgs boson in all its aspects has been nicely reviewed in three recent papers [20, 21, 22] .
Off-shell effects in the decays involving massive leptons will lead to additional scalar and scalar-longitudinal interference contributions well familiar from neutron beta decay, the semileptonic decay Ξ 0 → Σ + µ −ν µ [23] , or from the decays B → D ( * ) τ ν τ [24, 25] and Λ b → Λ c τ ν τ [26] . The scalar and scalar-longitudinal interference contributions are quadratic in the lepton masses and can thus be neglected at the scale m 
One will therefore have to carefully consider τ -lepton mass effects particularly in the q 2 region close to threshold given by q 2 = 4m 2 τ and q 2 = m 2 τ for the leptonic modes in the decays H → ZZ * and H → W W * , respectively. Lepton-mass effects reduce the overall rate relative to the zero lepton-mass case. In addition, lepton-mass effects lead to leptonic helicity-flip contributions which in turn can generate novel angular dependencies in the respective angular decay distributions. These angular dependencies can mimic new angular terms introduced by higher dimension effective coupling terms [14, 15, 16] or non-SM (HV V ) coupling terms [17, 18, 19] . τ -lepton mass effects should therefore not be neglected if one is aiming for high precision physics in the Higgs sector.
1
Our paper is structured as follows. After this introductory section, in Sec. 2 we present a general formula for the three-fold angular angular decay distribution for the on-shell -offshell decays H → V V * → ℓℓℓℓ. The angular decay distribution is obtained using helicity methods. In Sec. 3 we discuss lepton-mass effects in the decay H → ZZ * → ℓℓτ τ and their effect on the rates and the angular decay distributions. We do the same in Sec. 4 for the decays H → W − W + * → ℓν ℓ τ ν τ . In Sec. 5 we summarize our results and conclude with some general remarks. Some technical material regarding helicity amplitudes is relegated to the Appendices. In Appendix A we list the helicity amplitudes for the H → V V * transitions. The helicity representation of the lepton tensors in the neutral-and chargedcurrent cases can be found in Appendix B and C, respectively.
General formalism
The three-fold angular decay distribution in the cascade decays H → V V * → ℓℓℓℓ, V = Z, W can be derived from the covariant contraction of the on-shell and off-shell lepton tensors L 
where, in the Standard Model (SM), H αα ′ = g αα ′ . We denote the on-shell and off-shell momenta of the gauge bosons by p and q. In the unitary gauge the on-shell spin-1 propagator 1 Lepton-mass effects in the rate H → W ℓν and H → Zℓℓ are also taken into account in Ref. [27] . 
Note that in the unitary gauge 2 the off-shell propagator P νβ 0⊕1 (q) contains a spin-1 and a spin-0 piece. This can be seen by splitting the off-shell gauge propagator in Eq. (3) into its spin-1 and spin-0 components according to
where
In the zero lepton-mass approximation one has q µ L µν = 0 and therefore the spin-0 piece in Eq. (4) does not contribute and can be dropped when evaluating Eq. (2) . This is always a good approximation for ℓ = e, µ but no longer a good approximation for ℓ = τ .
An interesting observation concerns the spin-0 contribution. Taken together with the propagator pole proportional to (q 2 − m 2 V ) −1 , the contribution of the spin-0 piece can be seen to be proportional to a contact interaction of the form (HV ψψ) with a q 2 -dependent coupling when one sets Γ Z = 0.
Technically there are two routes to obtain angular decay distributions from Eq. (2). In the first route one parametrizes the four-vectors of the problem in terms of the five phase-
, cos θ p , cos θ q and χ (cf. Figs. 1 and 7) . The covariant evaluation of the Lorentz-invariant expression (2) leads to a number of scalar products of momenta that are defined in different reference frames. When doing the requisite contractions, the 2 The choice of the unitary gauge is mandatory to obtain a gauge-independent result. This can be seen by considering a general covariant R ξ gauge where one has to consider Goldstone boson exchange in addition to gauge boson exchange. In the coupling to the final state fermion pair the gauge parameter ξ cancels between the Goldstone and gauge boson contributions, resulting in the unitary gauge propagator. This has been explicitly demonstrated for fermion-fermion scattering [28] and for the decay t → b + W + * [29] .
four-momenta have to be boosted to a common reference frame as e.g. described in Ref. [14] for the decay H → Zℓℓ and in Ref. [30, 31] for the decay K ± → π ± π 0 e + e − . One then arrives at the desired three-fold joint angular decay distribution.
A second, perhaps more intelligent route, is to use an analysis in terms of helicity amplitudes. The advantage of the helicity method is that the origin of the angular factors multiplying the helicity structure functions can be straightforwardly identified. The angular factors can be seen to arise from the transformation properties of the helicity amplitudes under the action of the rotation group.
In order to transform to the helicity representation of the covariant form in Eq. (2) one makes use of the completeness relation for the spin-1 on-shell and off-shell polarization vectors. The on-shell and off-shell propagator can be expanded according to [25, 32] 
(p 2 = m 2 V ) and
Note that there is an additional spin-0 degree of freedom propagating in the off-shell propagator in Eq. (7). We shall specify this spin-0 degree of freedom by assigning the label λ V = t (t for time-component) to this mode. According to the separation in Eq. (4) the "t" mode carries the weight
. The four polarization four-vectors ε µ (t, ±1, 0) will be specified in Appendix A.
In low-energy calculations such as neutron β decay or in the semileptonic bottomhadron decays one usually drops the term proportional to (q 2 /m 2 V ) in Eq. (5) since one has q 2 ≪ m 2 V . However, in the present application the factor (q 2 /m 2 V ) can become as large as 30% at the zero recoil point and can therefore not be neglected. 
With the help of the completeness relations (6) and (7) the covariant form of the angular decay distribution (2) can be cast into a representation in terms of helicity components.
One has
where J = 1 for λ V = ±1, 0, J = 0 for λ V = t and correspondingly for the primed quantities. It turns out that
as one is not analyzing τ -polarization effects, i.e. there are no spin-0 -spin-1 interference effects in this decay.
The evaluation of the helicity components of the H → V V * transition amplitudes H λ V ,λ V * is given in Appendix A while the evaluation of the helicity components of the
(cos θ q , χ) are given in Appendix B (neutralcurrent case) and C (charged-current case).
Up to this point we have allowed for a general structure of the (HV V ) coupling. In the following we shall specify to the SM coupling with H αα ′ = g αα ′ .
3 The four-body decay H → Z(→ ℓ
In this section we write down the three-fold angular decay distribution of the decay H →
involving two different pairs of leptons, i.e. we assume ℓ = τ .
The corresponding decay H → Z(→ ℓ + ℓ − ) + Z * (→ ℓ + ℓ − ) involving two pairs of identical leptons (with and without lepton-mass effects) is more difficult to analyze due to the presence of nonfactorizing interference contributions. These identical-particle effects will be treated in a separate paper [35] .
3.1 Three-fold angular decay distribution for the four-body decay H → Z(→ ℓ
We begin our discussion by presenting an explicit form of the three-fold angular decay distribution given by Eq. (8) . The relevant helicity components of the on-shell and offshell lepton tensors are listed in Appendix B while the helicity components of the H → ZZ * transition amplitude can be found in Appendix A. The polar angles θ p and θ q are defined in the respective lepton pair center-of-mass systems as shown in Fig. 1 . The azimuthal angle χ describes the relative orientation of the two decay planes. We split the decay distribution into a helicity-nonflip and helicity-flip part, 
contributions of the parity-violating terms proportional to (ρ ++ − ρ −− ) and (ρ +0 − ρ −0 ) in Table 1 which are not populated by the parity-conserving SM (HV V ) coupling.
The dominant flip contributions proportional to a Compared to a ℓ the leptonic vector coupling v ℓ = −1 + sin 2 θ W is much suppressed. This is different in the quark-antiquark case treated in Refs. [36, 37] where the electroweak vector and axial vector couplings to the quark pairs are comparable in size. As a result the pattern of the helicity-flip contributions in the quark pair production case is quite different from the lepton-pair production case [36, 37] .
In order to save space we have not expanded the angular factor sin 2 θ p sin 2 θ q in the last row of Table 1 . The relevant expansion would be given by
We then define a normalized decay distribution
) and where
The normalized angular decay distribution W Z (θ p , θ q , χ) obviously integrates to 1, i.e.
Before we start discussing our numerical results we want to specify our mass, width and coupling input parameters. We use the central value of the Higgs mass m H = 125.09 (24) GeV from the combined ATLAS and CMS measurement [38] . 
Our formulas are written in terms of the dimensionless coupling constant g 2 which is related
For practical numerical purposes we choose m ℓp = m e (or m ℓp = 0) on the p side. On the off-shell q side we write m ℓq = m ℓ which can take the values
In Table 2 we present numerical results for the normalized coefficient functions
and their averages. In columns 2 and 3 we list the values of F Z i (q 2 ) for q 2 = 50 GeV 2 with zero and nonzero lepton masses. In order to avoid possible contamination from contributions of the ψ and Υ families we have chosen a q 2 value in between these two families, namely q 2 = 50 GeV 2 . This q 2 value is small enough to highlight the helicity-flip 
and lepton-mass effects in the vicinity of the threshold. On the other hand, this value of q 2 is far away enough from the threshold region where one would have to deal with the Coulomb singularity. We mention that the contribution of the ψ and Υ families to the q 2 spectrum have been investigated in Ref. [40] . These contributions have been found to be small.
Concerning the q 2 = 50 GeV 2 values for the normalized coefficient functions, leptonmass effects amount to −31 % for the functions F In columns 4 and 5 of Table 2 we also present average values F Z i of the coefficient functions again for zero and nonzero lepton masses where the average is taken with regard to q 2 . In order to do the requisite q 2 integrations one needs to include the relevant q 2 -dependent integration measure defined by the differential q 2 distribution. Inserting the necessary coupling and phase-space factors one obtains
B Zℓℓ is the branching ratio of the decay
the rate for the decay
The magnitude of the momentum of the gauge bosons is given by
We then define partial differential rates according to
The factors p 2 = m can be calculated from the formula
The integration has to be done in the limits 4m
The denominator of Eq. (22) 
One can make contact with the work of Ref. [41] by taking the zero-mass limit m ℓq → 0 of Eq. (21) (for i = 0), neglecting the Z width and omitting the factor B Zℓℓ . In fact, using
in agreement with Refs. [41, 42] . Atq 2 = 0 one has
Integrating Eq. (24) within the limits 0 ≤q 2 ≤ (1 −m Z ) 2 one obtains the well-known expression [41, 42] 
with
Single-angle decay distributions
Integrating Eq. (13) over cos θ p and χ and using Table 1 , one obtains
We define a convexity parameter C
as the second derivative of Eq. (28) with respect to cos θ q or, equivalently, as two times the coefficient of the cos 2 θ q term in Eq. (28) . One
. (29) In Fig. 2 we show a plot of the q 2 distribution of the convexity parameter for both the m ℓ = 0 and m ℓ = m τ cases. Due to the overall factor (q 2 − 4m 
Equation ( f is negative, i.e. the polar angle distribution is described by a downward-open parabola which has a maximum at cos θ q = 0 with Fig. 3 we show a plot of the cos θ q distribution for q 2 = 50 GeV 2 . The cos θ q distribution is symmetric in cos θ q due to the absence of a term linear in cos θ q in Eq. (28), i.e. the distribution is forward-backward symmetric. As expected from Eq. (30) the m ℓ = m τ curve is considerably flatter than the m ℓ = 0 curve. At cos θ q = ±1 the m ℓ = 0 curve is close to zero since P 2 (cos θ q ) = 1 at these points and F Next we discuss the single-angle cos θ p distribution. From Table 1 one reads off
The corresponding convexity factor is now given by
. (32) The threshold value of the convexity parameter can now be seen to be given by C f (q 2 ) because lepton-mass effects are small even close to threshold. In Fig. 4 we plot the cos θ p dependence of the normalized single-angle distribution again for q 2 = 50 GeV 2 . There is practically no lepton-mass dependence in the cos θ p distribution. Since Finally we turn to the normalized single-angle azimuthal distribution, where 3.3 The polarization of the off-shell gauge boson Z * In Sec. 3.2 we have already considered the single-angle cos θ q distribution which we wrote in the form ∼ (1 + F Z 1 P 2 (cos θ q )). In this subsection we want to write the same angular decay distribution in terms of the transverse, longitudinal and scalar components ρ U , ρ L and ρ S of the double spin-density matrix ρ mm ′ . One obtains
Integrating the differential rate (34) with respect to cos θ q , one obtains
Equation (35) can be seen to be the equivalent of the i = 0 piece of Eq. (21). Accordingly we define partial rates by writing
In Fig. 6 we display the q 2 dependence of the three partial rates dΓ The angular decay distributions are given by the normalized partial rates dΓ U,L,S /dq 2 divided by the total rate dΓ U +L+S /dq 2 . For brevity we denote these normalized rates by U , L and S. Again we take our reference value q 2 = 50 GeV The left and right three values refer to the modes H → Z(→ e + e − ) + Z * (→ µ + µ − ) and
respectively. In the τ mode one observes a substantial loss in the longitudinal rate which is compensated for by the appearance of the scalar rate.
This has consequences for the cos θ q distribution as shown in Fig. 3 .
In the upper part of Table 3 we list the total rate and the mean values of the transverse, longitudinal and scalar partial rates for the mass-zero modes and the τ mode where the mean is taken with regard to q 2 . Lepton-mass effects reduce the total rate by 3.97 %.
The rate reduction is largest for the longitudinal rate where the rate reduction amounts to 6.99 %. This is partially made up for by the appearance of the scalar rate which amounts to 4.14 %. The average transverse rate is practically unaffected by lepton mass effects.
Off
To conclude the section about Higgs boson decays into a pair of Z bosons, we briefly consider the case where both Z bosons are off-shell. The double-differential decay rate for
where we have written the result in terms of the spin-1 and spin-0 projections of the neutral current lepton tensor listed in Appendix B. The spin-1 and spin-0 propagators P 
ℓq /q 2 . In writing down Eq. (38) we have chosen a p ↔ q symmetric representation. This symmetric form is very useful when one discusses the identical-particle decay
where two of the four contributing diagrams have the factorizing form of Eq. (38) . To achieve the p ↔ q symmetry one has to add the scalar pieces to the p-side propagators in Eq. (2) 
The contractions of the propagator factors can be calculated to be
The transverse and longitudinal pieces in Eq. (39) are given by ρ U = 2 and ρ L = (pq) 2 /p 2 q 2 .
The scalar-scalar contribution ρ SS = P In the present case we take m ℓp = m e on the p side and m ℓq = m τ on the q side such Table 3 : Total and normalized partial decay rates for the four-body decays H → Z(→
that the symmetric appearance of Eq. (38) is lost. In particular, we set v p = 1 and take the m ℓ → 0 limit of the first curly bracket in Eq. (38) replacing it by (v 2 ℓ + a 2 ℓ )P µν 1 (p). In the lower part of Table 3 we present our numerical results for the off-shell -off-shell case. We list the total exclusive decay rate Γ Z and the averages of the partial decay rates One can undo the smearing in Eq. (38) by the zero-width substitution
with V = Z. One then obtains
where dΓ Z q /dq 2 denotes the differential rate into the q-side leptonic mode. As expected, this result coincides with Eq. (35) . The result for the (semi-inclusive) three-body decay can be seen to coincide with the result of Ref. [41] .
Finally, also the q-side secondary decay process can be considered to be exclusive. Using the decay rate for the decay Z → ℓ + ℓ − in Eq. (19) for both the p and q sides, from Eq. (38) one obtains dΓ Z pq dp 2 dq 2 (p 2 , q 2 ) = 1 2
Γ W pq denotes the rate into the exclusive leptonic modes on the p and q sides, respectively. In the product B Zℓℓp B Zℓℓq there are terms diagonal and nondiagonal in flavour. The nondiagonal terms appear in pairs referring to the same exclusive channel. Thus one has to divide by a factor of two in Eq. (44) as concerns the nondiagonal terms. The diagonal terms appear only once in the product. In the approximation that the interference contributions of the diagonal terms can be neglected, the factor 1/2 correctly counts the number of diagonal terms (see the discussion in Ref. [35] ). From the inclusive point of view the 
The four-body decay
Even though the yield of the (H → ℓνℓν) mode from Higgs decay is about 40 times larger than the yield of the (H → ℓℓℓ ′ ℓ ′ ) mode, the identification of the H → ℓνℓν mode is much more difficult experimentally but can nevertheless be done [6] . In this section we write down the three-fold angular decay distribution of the cascade decay
In the charged-current decays there are no identical-particle effects such that one can also e.g. consider the decay
in the neutral-current case the τ mass can be safely neglected on the on-shell side since the scale is set by the W mass. At the end of this section we shall also discuss off-shelloff-shell decays where the τ mass can no longer be neglected on the p side. A new feature appearing in the charged-current decays is the presence of a scalar-longitudinal interference effect which is parity-conserving but can mimic a parity-violating contribution. One can anticipate without explicit calculation that lepton-mass effects are not as important in the charged-current case since the corresponding helicity-flip contributions are four times weaker than in the neutral-current case. It is for this reason that we do not discuss the charged-current case in as much detail as the neutral-current case.
Three-fold angular decay distribution for the four-body decay
Let us first consider the three-fold angular decay distribution of the decay
The polar angles θ p and θ q are defined in the respective lepton pair center-of-mass systems while the azimutal angle χ again describes the relative orientation of the planes as shown in Fig. 7 . We use the zero lepton-mass approximation for the on-shell decay W − → ℓ −ν ℓ but keep the τ mass finite for the off-shell decay W + * → τ + ν τ .
Again we split the angular decay distribution into its helicity-nonflip and helicity-flip part. Accordingly we write
The nonflip decay distribution is given by
For the flip contribution one obtains
including the extra minus sign for the spin-1 -spin-0 interference contributions linear in F S . We have used the velocity-type parameter
In Eqs. (46) and (47) we have also included the contributions from the parity-violating terms proportional to (ρ ++ − ρ −− ), (ρ +0 − ρ −0 ) and (ρ +t − ρ −t ). These coefficient functions are not populated by the parity-conserving SM (HV V ) coupling. In Appendix A we briefly discuss the contribution of a parity-violating non-SM coupling proportional to ǫ µνρσ p ρ q σ which would populate the (ρ ++ −ρ −− ), (ρ +0 −ρ −0 ) and (ρ +t −ρ −t ) coefficient functions [17, 18, 19] .
Again we write the result in terms of the Legendre polynomials P 1 (cos θ) = cos θ and
The coefficient functions f W i and g W i can be found in Table 4 where we have now dropped the non-SM contributions proportional to (ρ ++ − ρ −− ), (ρ +0 − ρ −0 ) and (ρ +t − ρ −t ). It is noteworthy that three new angular structures proportional to cos θ q (i = 8, 9) and sin θ q (i = 10) are generated by a helicity-flip contribution. The first of these contributions (i = 8) give rise to a nonvanishing forward-backward asymmetry in the cos θ q distribution as discussed later on.
(ρ +0 + ρ −0 ) sin 2θ p sin 2θ q cos χ
F S (ρ +t + ρ −t ) sin 2θ p sin θ q cos χ Table 4 : Coefficient functions appearing in the three-fold angular decay distribution of the
We define a normalized decay distribution
The differential decay rate distribution is given by
(note the additional factor v q in the numerator) and B W ℓν = Γ W ℓν /Γ W . The decay rate for W → ℓν (m ℓ = 0) is given by
Partial differential rates are defined according to
The average values F
W i
of the coefficient functions is given by
where the integration over q 2 runs from 4m
In Table 5 we present numerical results for the normalized coefficient functions
and their averages. In columns 2 and 3 we list the values of F In columns 4 and 5 of Table 5 we also present average values F W i of the coefficient functions again for zero and nonzero lepton masses where the average is taken with regard to q 2 . On average lepton mass effects can be seen to be quite small. 
4.2 Forward-backward asymmetry of the τ + lepton
Let us take a closer look at the cos θ q distribution determined by the coefficient functions
The normalized cos θ q distribution is given by (see Table 4 )
Contrary to the H → ZZ * case one now has a contribution linear in cos θ q which implies a nonvanishing forward-backward asymmetry. It is interesting to note that the source of this parity-odd term in Eq. (57) results from a parity-conserving interaction. Consider the J P content of the currents coupling to the W * :
The scalar-longitudinal interference contribution leading to a nonvanishing forward-backward asymmetry can be seen to result from the parity-conserving interference of the products of
. We mention that a parity-violating (HW + W − ) coupling as discussed in Appendix A would also give rise to a nonvanishing forward-backward asymmetry proportional to (ρ ++ − ρ −− ) (see Eq. (46)).
In Fig. 8 we display the normalized cos θ q distribution for a fixed value of q 2 = 50 GeV 2 .
Since ρ U ≪ ρ L for q 2 = 50 GeV 2 , the governing feature of the distribution is described by a downward open parabola. The convexity parameter is proportional to (1 − ε), leading to a smaller convexity for the m ℓ = m τ distribution as can be seen in Fig. 8 . There is a pronounced forward-backward asymmetry in the τ mode. According to Eq. (56) the forward-backward asymmetry of the cos θ q distribution is given by
Since ρ 0t and F S are positive, the forward-backward asymmetry A F B is negative as also shows up in Fig. 8 . In fact, one calculates
For smaller q 2 values the forward-backward asymmetry becomes even more pronounced.
In the last column of Table 6 we list the average value of A F B which is given by A F B = 
Partial decay rates are accordingly defined by 
In Fig. 9 we display the (62) when going from the e, µ modes to the τ mode. The picture is similar to the H → ZZ * case. However, lepton-mass effects are less pronounced in the H → W W * case.
In the upper part of Table 6 we list the total rate and the mean values of the transverse, longitudinal and scalar partial rates for the mass-zero modes and the τ mode where the mean is taken with regard to q 2 . In this case, lepton-mass effects reduce the total rate by 0.76 %. The rate reduction is largest for the longitudinal rate where the rate reduction amounts to 2.1 %. On average, the rate reduction for Γ L = Γ L /Γ is still a considerable 1.3 % while the average of the transverse rate is practically unchanged. As in the W → ZZ * case, the loss of longitudinal rate is mainly compensated for by the appearance of the scalar rate. Our result agrees with the result Γ W = 2.4135 · 10 −7 GeV of Ref.
[43] within 1.6 %.
Off
Again, we conclude the section by considering the case where both W bosons are off-shell.
Using again the narrow-width approximation (42) for V = W also on the p side, the exclusive off-shell -off-shell rate is obtained from the double integral
where Γ 
where 
which agrees with the results in Refs. [42, 44] .
In Table 6 we have listed our numerical results for the off-shell -off-shell rates and the averages of the polarization of the gauge bosons. The off-shell -off-shell rates approximately amount to two times the off-shell -on-shell rates. The reason is again that one picks up contributions from the peaking regions both on the p side and on the q side. Put Table 6 are thus an average of the respective polarizations on the p side and the q side.
This also explains the fact that the scalar polarization is only one-half of the on-shelloff-shell value since it is contributed to only by the q side H → W − W + * channel. This is no longer true for the H → W − * (→ τ −ν τ ) + W + * (→ τ + ν τ ) mode where the scalar rate obtains contributions from both the p side and the q side.
The off-shell -off-shell rates slightly exceed twice the off-shell -on-shell rates which provides a measure of the quality of taking the zero-width approximation on the on-shell sides. Compared to the rates for H → Z * Z * listed in Table 3 , lepton-mass effects can be seen to be more than five times smaller in the H → W − * W + * case.
Summary and conclusions
We have discussed lepton-mass effects in the rate and the angular decay distributions in the
where the gauge bosons Z and W − are on their mass shell. Lepton-mass effects are larger for the H → ZZ * mode where we find a reduction of 3.97 % in the τ rate relative to the e, µ rates. In the H → W W * case the rate reduction of the total rate is smaller. In this mode we find a rate reduction of 0.76 % relative to the zero mass case. Differentially, the rate reduction through lepton-mass effects is significantly larger at the lower end of the q 2 spectrum in both cases. For both modes we find a significant reduction of the longitudinal rate through lepton-mass effects in the lower q 2 region from threshold to ∼ 200 GeV 2 . In this region the transverse-longitudinal composition of the off-shell gauge bosons is considerably changed. The reduction of the longitudinal rate in this region is partly compensated for by a significant scalar contribution. In the charged-current case one finds a nonvanishing forward-backward asymmetry in the cos θ q distribution through lepton-mass induced scalar-longitudinal interference effects. The forward-backward asymmetry can become quite large in the low-q 2 region.
We have also discussed the case when both gauge-bosons go off-shell. Double smearing with the appropriate Breit-Wigner functions increases the overall rate. Lepton-mass effects become weaker in the double smearing process.
We have employed helicity methods in our analysis which has allowed us to present our analytical results for angular decay distributions and partial rates in compact form. In particular, the inclusion of lepton-mass effects in the helicity formalism is straightforward.
Experimentally it will not be so simple to identify the τ modes in the four-lepton decays of the Higgs. In this context we mention that the detection efficiency for τ leptons in their hadronic decay channels at the LHC is being continuously improved (see Refs. [45, 46, 47] ). Nevertheless, an accurate Monte Carlo event generator for decays involving the τ leptons should include lepton-mass effects for which we have supplied the appropriate matrix elements in this paper. This would e.g. be relevant for modelling Z → τ τ processes as background for the search for the decay H → τ + τ − [48, 49, 50] .
One notes the following SM relations
At maximal recoil where q 2 and/or p 2 tend to zero, the dominant double spin-density matrix elements are ρ 00 = ρ 0t = ρ t0 = ρ tt . At minimal recoil q 2 = (m H − m V ) 2 where | p V | → 0, the dominant contributions are ρ ++ = ρ −− = ρ 00 while ρ 0t and ρ tt tend to zero.
Some authors prefer to use Cartesian components for the transition matrix elements [18] instead of the helicity components used by us. The relation between the two representations is given by
We see no particular advantages to write the angular coefficient functions in terms of their Cartesian components.
Battacherjee et al. considered two additional non-SM (HV V ) coupling structures [18] .
They write down the effective coupling structure
The helicity components are then given by
There are no contributions of the new coupling structures to H 0t . It is clear that one now has a contribution to the difference (H ++ − H −− ) resulting from the parity-violating term proportional to ǫ µνρσ p ρ q σ .
B Helicity representation of the neutral-current lepton tensor
We calculate the helicity representation of the neutral-current lepton tensor on the off-shell q side. The corresponding expressions for the on-shell p side can be obtained by setting the lepton mass to zero and replacing q → p. We work in the center-of-mass system of the lepton pair with the z direction defined by ℓ + which we refer to as the helicity system.
The kinematics in the helicity system is given by
The covariant forms of the lepton tensors read
The total neutral current lepton tensor is composed according to
where the neutral current is defined by J µ =ψγ µ (v ℓ − a ℓ γ 5 )ψ with
In order to calculate the helicity representation of the lepton tensors in the helicity system one needs to evaluate
All objects referring to the helicity system are denoted by a hat symbol. The contractions are done in the helicity system using the representations (B1). Using the explicit forms (B1) one calculates
The ratio of helicity-flip and helicity-nonflip contributions can be seen to be given bŷ (1 + cos θ)
The rows and columns in the spin-1 part of (B8) are labelled in the order (+1, 0, −1).
One obtains 
The corresponding expressions for the on-shell side lepton tensor L p 2 ,λ Z λ ′ Z (cos θ p ) can again be obtained by rotation. Note that in this case one has χ = 0 as is evident from Fig. 1 .
The spin-1 and spin-0 projections of the neutral lepton tensor needed in the main text are given by
where the spin-1 and spin-0 projectors read
Similar relations hold for the p side.
C Helicity representation of the charged-current lepton tensor
The lepton tensors are given by on-shell side : L 
The kinematics for the off-shell q side is given by The spin-1 and spin-0 projections of the charged lepton tensor are given by
